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High-purity niobium powders can be obtained from thewell-known hydride-dehydride (HDH) process. The aim
of this work was the investigation of the structural phase transition of the niobium hydride to niobiummetal as
function of temperature, heating rate and time. The niobium powder used in this work was obtained by high-
temperature hydriding of niobium machining chips followed by conventional ball milling and sieving. X-ray
diffraction measurements were carried out in vacuum using a high-temperature chamber coupled to an X-ray
diffractometer. During the dehydriding process, it is possible to follow the phase transition fromniobiumhydride
to niobium metal starting at about 380 °C for a heating rate of 20 °C/min. The heating rate was found to be an
important parameter, since complete dehydriding was obtained at 490 °C for a heating rate of 20 °C/min. The
higher dehydriding rate was found at 500 °C. Results contribute to a better understanding of the kinetics of
thermal decomposition of niobium hydride to niobium metal.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Refractory metal powders like niobium, tantalum and their alloys
can be obtained through the hydride–dehydride (HDH) process. In
this process, the embrittlement of the metal is promoted through
hydrogen dissolution in interstitial sites of the bcc structure forming
brittle hydrides [1–7]. Through mechanical milling, the material is
reduced to the powdered form. Following, the material undergoes
dehydriding by heating under vacuum to obtain the corresponding
metal powder. The great advantage of this technique is its low cost
compared to other techniques such as atomization or electrolysis in
molten salts [8].
During the dehydriding process the following crystalline phases are
involved: i) β phase — an ordered interstitial solid solution with an
orthorhombic structure, space group Ama2 [9]. The hydrogen atoms
occupy the tetrahedral positions leading to a stoichiometry close to
NbHx where 0.7bxb1.1 [7,10]. This phase is normally designated as
niobium hydride and it is extremely brittle. The lattice parameters a, b
and cof theβ-phaseNbHxpresentmeasurable variations as a function of
the composition [6,11]. The lattice parameters of theβ-phaseNbHxwith
a composition NbH0,89 registered in JCPDS data ﬁle (7–263 card) are
a=0.484 nm, b=0.490 nm and c=0.345 nm [12] and ii) α phase —
disordered hydrogen solution in the tetrahedral interstitial sites of the
niobium structure, that crystallizes in body-centered cubic structure,
with low hydrogen content. It belongs to the space group Im3m [9]. The
lattice parameter of the α phase varies linearly with the hydrogen
concentration [10].
Understanding the underlying mechanisms associated to absorp-
tion and desorption of hydrogen in metal powders is necessary, for
instance, to select suitable materials for solid hydrogen storage
devices [13]. Literature brings a few examples where these in-
vestigations are carried out using speciﬁc experimental conditions
and samples with simple geometries far from the actual conditions
found in the manufacture of metal powders. Pick reported the
calculation of the activation energy of hydrogen absorption and
desorption in niobium foils using other techniques than X-ray
diffraction [14]. Zheng and Zhang [15] reported results on the
experimental determination of the activation energies for absorption
and desorption of hydrogen electrochemical permeation in pure iron
for distinct surface treatments.
For a better understanding of the dehydriding process in powdered
samples, the phase transition from niobium hydride (β phase) to
niobium(αphase) as a functionof variables suchas temperature, heating
rate and time was investigated in this work by performing controlled X-
ray diffraction experiments at high temperatures.
2. Experimental procedure
The niobium hydride powder used in this study was obtained by
means of hydriding of niobiumchips (99.9%). Themachining chipswere
washed in soap solution at 60 °C followed by rinsing in a series of
organic solvents, pure water and drying. Afterwards the material was
etched using a HNO3:HF:H2O solution (1:1:2.5–volume), rinsed with
pure water and then dried at 120 °C for 1 h in air. The hydriding batch
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experiments were carried out in a stainless steel reactor using
approximately 200 g of Nb chips. Initially, the chips were placed inside
the reactor, whichwas then closed and evacuated at room temperature
(RT) up to 10−2 mbar. The reactor was then heated under vacuum in
a furnace up to the initial temperature of 800 °C. After reaching the
desired temperature, hydrogen gas (99.995% purity) was injected into
the reactor up to a pressure of 1.5 bar, keeping both pressure and
temperature constant for 1 h. The hydriding process takes place during
cooling of the material under constant hydrogen pressure. After
hydriding, the material was ball milled resulting in a hydride powder
with mean particle size smaller than 20 μm.
In order to identify the phases present in the hydride powder, X-ray
diffraction experimentswere carriedout using a SEIFERTdiffractometer,
model ISO-1001 DEBYEFLEX under the following conditions: Cu-Kα
radiation (λ=0.15418 nm); Ni ﬁlter; 40 kV; 30 mA, 2θ=20–90°, step
0.05° and counting time of 3 s. The diffractograms were comparedwith
those from simulated patterns, using the Powdercell software and
crystallographic data of niobium hydride [9] and pure niobium [12].
The diffraction experiments at high temperatures were performed
under high vacuum using a Büehler HDK2.4/SO chamber attached to
the SEIFERT diffractometer. The following conditions were adopted:
Cu-Kα radiation (λ=0.15418 nm); Ni ﬁlter; 40 kV; 30 mA, 2θ=20 –
90°, step 0.05° and counting time of 2 s. The measurements were
made in a narrow angular range (35.0°≤2θ≤40.0°), where the most
intense reﬂections of the niobium hydride (111) and pure niobium
(110) are found.
Measurements were conducted by using different conditions,
according to Tables 1 and 2. Table 1 presents experiments performed
at temperatures from 380 °C to 520 °C. For each experiment, the
sample was initially heated to 380 °C and a measurement was done.
The sample was then heated in steps of 20 °C using different heating
rates in order to perform isothermal measurements.
For the experiments in Table 2, the sampleswere directly heated to
the desired temperature and isothermal measurements performed as
a function of time. The relative amounts of α and β phases during
dehydriding were estimated from the integrated intensity of the
(111) reﬂection of β-phase, using the following equations:
% β phase =
Ι β
Ι β Trð Þ ⋅
100 ð1Þ
% α phase = 100 % β phase ð2Þ
where,
I β intensity of the (111) reﬂection of the β-phase
I β (Tr) intensity of the (111) reﬂection of the β-phase at room
temperature
3. Results and discussion
In the diffractogram of the hydride powder, only reﬂections from
the β hydride phase were observed. The diffraction patterns from the
experiments according to Table 1 (heating rate of 20 °C/min —
experiment #3) are shown in Fig. 1. It is possible to notice that the
onset of dehydriding occurs at a temperature near 400 °C. The absence
of a peak position shift for the (111) β-phase reﬂection indicates that
there is no signiﬁcant variation of the lattice parameter of this phase
during dehydriding, indicating that a possible decrease of lattice
parameter due to hydrogen removal could be compensated by
thermal expansion effects. The α and β phases amounts as a function
of temperature for experiment # 3 is shown in Fig. 2, noting that at
500 °C most of the β→α transformation has already occurred.
The amount of α-phase as a function of time and temperature for
different heating rates (Table 1) is shown in Fig. 3. It is possible to
notice that the onset of dehydriding occurs near 380 °C for all the
conditions. It is observed that at the highest heating rate (20 °C/min),
total dehydriding takes place. On the other hand, partial dehydriding
occurred for heating rates of 5 °C/min and 10 °C/min, despite a longer
duration of these experiments. No reasonable explanation could be
found for these ﬁndings and further investigations are necessary to
address this point.
Fig. 4 shows the amount of α-phase as a function of time for
isothermal experiments at 500 °C (Table 2, experiments # 7 and # 8).
The zero in the time scale corresponds to the moment when the
temperature of 500 °C temperature is reached in each experiment.
The time required for complete dehydriding at a heating rate of 20 °C/
min is considerably shorter than that when applying a heating rate of
5 °C/min. In addition, complete dehydriding was not achieved for the
smaller heating rate. This result is an agreementwith those previously
discussed, showing a more efﬁcient dehydriding for higher heating
rate.
Fig. 5 shows the α-phase proportion as a function of time for
isothermal measurements at 420, 480, 490 and 500 °C for a heating
rate of 20 °C/min (Table 2). In the time of the experiments, complete
dehydriding was observed only for runs performed at 490 and
Table 1
Dehydriding experiments at temperatures from 380 °C to 520 °C with distinct heating
rates. For each experiment, the sample was initially heated to 380 °C before starting the
measurement. The sample was then heated in steps of 20 °C using different heating
rates to perform isothermal measurements.
N° of the
experiment
Heating rate
(°C/min)
Temperature of each
measurement (°C)
1 5 380, 400, …, 500 e 520
2 10 380, 400, …, 500 e 520
3 20 380, 400, …, 500 e 520
Table 2
Dehydriding experiments under isothermal conditions. The samples were heated to the
test temperature and isothermal measurements were performed as a function of time.
N° of the
experiment
Heating rate
(°C/min)
Temperature of each
measurement (°C)
4 20 420
5 20 480
6 20 490
7 20 500
8 5 500
Fig. 1. Diffractograms from the dehydriding experiment #3 (Table 1).
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500 °C. The behavior exhibited by the curves can be ﬁtted by a sigmoid
function [16].
The data on the kinetics of thermal decomposition of the niobium
hydride can be obtained from the curves ofα-phase proportion versus
time for isothermal conditions. In general, the rate of hydride
decomposition as a function of temperature can be described by an
Arrhenius-type equation:
A = Aoexp −Eo = kTð Þ ð3Þ
where,
A decomposition rate;
Ao constant;
Eo activation energy;
k Boltzmann constant
T absolute temperature.
The natural logarithm of the decomposition rate can be linearly
correlated with the reciprocal temperature (1/T) and the activation
energy determined by the slope.
The time required for decomposition of half of the hydride (t1/2)
was obtained from data displayed in Fig. 5. Fig. 6 shows ln [(t1/2)-1] as
a function of the inverse of temperature. The linear ﬁtting of these
data resulted in the following equation:
y = 8 6ð Þ–9 5ð Þ:103x ð4Þ
The apparent activation energy calculated from the slope of the
curve gives 74 kJ mole−1. This value is close to the value reported in the
literature for β-NbH (77 kJ mole−1) and slightly higher than the values
reported for the thermal decomposition of β-MgH2 (62 kJ mole−1)
[17] and TiH2 (63 kJ mole−1) [5]. It is worth mentioning that the
apparent activation energy of the dehidryding processmay be related to
other mechanisms and only its magnitude is reliable for purpose of
comparison.
4. Conclusions
The onset of the structural transition of niobium hydride to
niobium starts at about 380 °C. It was found that the heating rate
during dehydriding is an important variable, since complete dehy-
driding was obtained at 490 °C for a heating rate of 20 °C/min.
The kinetics of dehydriding is higher at the beginning of the
process. The concentration curve of α phase versus time can be
described by a sigmoid function. The apparent activation energy of the
Fig. 2. Proportion of α and β phases from the dehydriding experiment #3 (Table 1).
Fig. 3. Proportion of α phase from the dehydriding experiments indicated in Table 1.
Fig. 4. Proportion of α phase as a function of time at a temperature of 500 °C for
different heating rates.
Fig. 5. Proportion ofα phase as a function of time for different dehydriding temperatures.
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decomposition of the niobium hydride was found to be 74 kJ mole−1.
This apparent activation energy is in agreement with the value of
decomposition heat of niobium hydride reported in the literature.
The proportion of β phase can be calculated from an equation that
correlates the integrated intensity of α and β phases provided by
high-temperature X-ray diffraction measurements.
Acknowledgment
The authors thank CNPq (Brazil) for the ﬁnancial support.
References
[1] Alefeld G, Volkl J. Hydrogen in Metals I — Basic Properties. Berlin, New York:
Springer-Verlag; 1978.
[2] Fukai Y. The Metal–Hydrogen System: Basic Bulk Properties. 2rd ed. Berlin:
Springer-Verlag; 2005.
[3] Rickert A, Nietsch T, Schutt E. Equilibrium considerations on the niobium–
hydrogen system. Chem Ing Tech 1994;6:835–9.
[4] Candioto KCG, Nunes CA. Nb–20%Ta alloy powder by the hydriding–dehydriding
technique. Int J Refract Met Hard Mater 2006;24:413–7.
[5] Sandim HRZ, Morante BV, Suzuki PA. Kinetics of thermal decomposition of
titanium hydride powder using in situ high-temperature X-ray diffraction
(HTXRD). Mater Res 2005;8:293–7.
[6] Gabriel SB, Silva G, Candioto KCG, Santos ID, Suzuki PA, Nunes CA. Niobium
hydrogenation process: effect of temperature and cooling rate from the
hydrogenation temperature. Int J Refract Met Hard Mater 2011;29:134–7.
[7] Schober T, Linke U, Wenzl H. Metallography of niobium hydrogen system. Scr
Metall 1974;8:805–12.
[8] Wojcik CC. High temperature niobium alloys. In: Stephens J, Ahmad I, editors. High
Temperature Niobium Alloys. Indianapolis: TMS; 1989. p. 12.
[9] Hauck J. Structural relations between vanadium, niobium, tantalum hydrides and
deuterides. Acta Crystallogr A 1978;34:389–99.
[10] Plackowski T, Wlosewicz D, Sorokina NI. Speciﬁc heat of NbHx with high hydrogen
concentration. Phys B 1995;212:119–24.
[11] Pick MA, Bausch R. The determination of the force-dipole tensor of hydrogen in
niobium. J Phys F: Met Phys 1976;6:1751–63.
[12] Powder Diffraction File, JCPDS-Inorganics Materials. Pennsylvania: International
Center for Diffraction Data; 1978.
[13] Sakintuna B, Darkrim FL, Hirscher M. Metal hydride for solid hydrogen storage: a
review. Int J Hydrogen Energy 2007;32:1121–40.
[14] Pick MA. Kinetics hydrogen absorption–desorption by niobium. Phys B 1981:
4287–94.
[15] Zheng YP, Zhang TY. Effect of absorption and desorption on hydrogen permeation-
II. Experimental measurements of activation energies. Acta Mater 1998;46:
5035–43.
[16] Martin M, Gommel C, Bokhart C, Fromm E. Absorption and desorption kinetics of
hydrogen storage alloys. J Alloys Compd 1996;238:193–201.
[17] Huot J, Pelletier JF, Lurio LB, Sutton M, Schulz R. Investigation dehydrogenation
mechanism of MgH2–Nb nanocomposites. J Alloys Compd 2003;348:319–24.
Sinara B. Gabriel, graduated in Chemical Industrial
Engineering in 2002 from the University of São Paulo. In
2004 she achieved her master's degree in Materials
Engineering from the University of São Paulo. In 2008 she
obtained her PhD in Metallurgical and Materials Engineer-
ing from the Federal University of Rio de Janeiro where she
worked on the processing and characterization of Ti-Mo-
Nb alloys for biomedical applications. Currently, she is a
Professor at the University Center of Volta Redonda where
she has been teaching since 2009. Her research work
focuses on biomaterials, superalloys and refractory metals.
Hugo R.Z. Sandim, Chemical Engineer (1986), PhD in
Materials Engineering from the University of Sao Paulo
(USP) in 1996 on processing and characterization of ODS-
Nb alloys. Post-Doctoral research at Friedrich-Alexander
Universität (Erlangen-Nürnberg) on plastic deformation
and annealing behavior of coarse-grained tantalum (1998–
1999). Currently is Associate Professor at the University of
Sao Paulo and his research focuses the thermomechanical
processing of refractory metals and their alloys, powder
metallurgy and physical metallurgy of metals and alloys
with emphasis on recrystallization, grain growth and
crystallographic texture.
Katia. C. G. Candioto, graduated in Chemical Engineering
in 2000 from the University of São Paulo. In 2002 she
achieved her master's degree in Materials Engineering
from the University of São Paulo studying the production
and characterization of Nb-20%Ta alloy powder by the
hydriding-dehydriding technique. In 2009 she obtained
her PhD in Materials Engineering from the University of
São Paulo where she worked on rapid solidiﬁcation and
stability evaluation of phases Ti-Si- β alloys.
Mariana C. Brum, graduated in Chemical Engineering in
2002 from the Federal University of Rio de Janeiro. She
received both her master's (2005) and PhD (2010) degrees
in Metallurgical and Materials Engineering from the
Federal University of Rio de Janeiro. Currently, she is a
post-doctoral researcher at the Department of Metallurgi-
cal and Materials Engineering of Federal University of Rio
de Janeiro. Her research focuses on the development of
new materials such as alloys and characterization techni-
ques.
Paulo A. Suzuki, graduated in Physics from the University
of São Paulo in 1989. He received both master's (1992) and
PhD (1999) degrees in physical from the University of São
Paulo. Currently, he is a Professor at the Engineering School
of University of São Paulo where he has been teaching
since 2006. His research work focuses on liquid and solid
structures, crystallography, X-ray diffraction, supercon-
ductivity and refractory metals.
Carlos A. Nunes, graduated in Metallurgical Engineering
from the University of Ouro Preto in 1988. He received
both his master's (1991) and PhD (1997) degrees in
Mechanical Engineering from the University of Campinas.
Part of his PhD experiments was carried out at the
University of Wisconsin-Madison (USA). He achieved his
post-PhD at the Technische Universitat Wien in 2004.
Currently, he is teaching at the Engineering School of
Lorena/USP where he has been teaching since 2006. His
research work focuses on phase transformations, alloys of
refractory metals and superalloys.
Fig. 6. Plot of ln (t1/2)-1 versus 1/T for thermal decomposition of niobium hydride where
t1/2 is the time required for decomposition of half the amount of hydride niobium
powder and T is the absolute temperature (K).
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